Studies of Erebus volcano's active lava lake have shown that many of its observable properties (gas composition, surface motion and radiant heat) exhibit cyclic behaviour with a period of ∼10 min. We investigate the multiyear progression of the cycles in surface motion of the lake using an extended (but intermittent) dataset of thermal infrared images collected by the Mount Erebus Volcano Observatory between 2004 and 2011. Cycles with a period of between ∼4-15 ::::: 4-15 : min are found to be a persistent feature of the lake's behaviour and no obvious long-term change is observed despite variations in lake level and surface area. The times at which gas bubbles arrive at the lake's surface are found to be random with respect to the phase of the motion cycles, drawing us to the conclusion that the behaviour of the lake is governed by magma exchange rather than an intermittent flux of gases from the underlying magma reservoir.
of between ∼4-15 ::::: 4-15 : min are found to be a persistent feature of the lake's behaviour and no obvious long-term change is observed despite variations in lake level and surface area. The times at which gas bubbles arrive at the lake's surface are found to be random with respect to the phase of the motion cycles, drawing us to the conclusion that the behaviour of the lake is governed by magma exchange rather than an intermittent flux of gases from the underlying magma reservoir.
The stable convective behaviour of the Erebus lava lake is punctuated by 
Data Selection

138
Interruptions to the recording of IR images on Erebus are common. The
139
Agema and P25 cameras both required their memory cards to be changed 140 regularly and equipment failure was frequent due to the harsh operating con-141 ditions. These factors have resulted in a segmented data set, with many gaps.
142
The first step in data selection was to split the data into groups of continu-143 ous acquisition that contained no two images more than 40 s apart. Groups 144 spanning less than one hour of acquisition were discarded. Subsequent data 145 processing was performed on a per group basis. noise with a mean and variance similar to that of the pixels within the lake.
192
Random noise is used rather than a fixed value to prevent the output of the 193 bandpass filters used in the wavelet decomposition from being exactly zero,
194
as this causes the algorithm to fail.
195
The feature tracking algorithm itself is based on the Dual-Tree Complex
196
Wavelet Transform (DT-CWT) (Kingsbury, 2001 and Schreiber (2003)) to reconstruct our time series data into a phase space were low-pass filtered prior to phase space reconstruction to remove noise 274 and the spikes due to bubbles.
275
The time series analysed contains 141 bubble events (Fig. 3) . We com- To verify the technique, we created a set of 95 fake bubble events located 288 at the peaks of the mean speed cycles (Fig. 3) . These events were then sub-289 jected to the same analysis as the real bubble events. The critical value for 290 the K-S test at 90% confidence is 0.125 for the fake bubble sample size of 95.
291
As shown in Fig. 4 , the CDFs for the fake bubble events show a strong devia- 
Results
298
The 2010 field season was characterised by exceptional visibility of the 299 lava lake. In addition to the IR images captured, several short time series 300 of visible images were captured using a digital SLR camera equipped with turbed, rather than a system that is oscillating about a mid-point. field :::::::: seasons were of insufficient length to be able to resolve long period fluctuations. In addition to the apparent stability of cycles in surface speed, the magni- 
447
Our findings that the pulsatory behaviour of the lava lake has been a persis- anism, but also that it is likely sourced at a deeper level than the lake itself.
454
This argument is further supported by the consistency of the motion cycles 455 despite the dramatic reduction :: in : lake size. However, as already discussed,
456
it is not clear if the apparent change in lake size represents a true change in 457 geometry or simply the formation of a cooled crust over a part of the lake.
458
The broad width of the peak in the spectrograms that we observe is con- followed by a sudden release of the accumulated gas and rapid return to the 500 baseline state. decreased by a factor of four. However, the available evidence suggests that 585 this may not represent a true reduction in lake size, rather it is due to the 586 formation of a cooled crust over part of the surface with active lake persisting 587 beneath.
588
Despite these changes in the lake's appearance, its pulsatory behaviour 589 has remained constant over the period of study, exhibiting cycles in mean the peaks), suggesting that the pulsatory behaviour is due to intermittent 594 perturbations of the system, rather than an oscillatory mechanism.
595
Bubbles arriving at the surface of the lake show no correlation to the 596 phase of the surface speed cycles. We therefore conclude that the pulsatory 597 behaviour of the lake is driven primarily by magma exchange with a shallow 598 magma reservoir rather than by a flux of bubbles.
599
While we have analysed a substantially larger dataset than Oppenheimer the real and surrogate data shows that the reduction in FNN as we increase the embedding dimension is not simply due to linear correlations in the data. For an embedding dimension of 4, the FNN fraction reduces very quickly for small threshold values and there is little difference in behaviour compared to larger embedding dimensions. We therefore chose 4 as a suitable embedding dimension for our analysis.
